Turkish Journal of Agriculture and Forestry
Volume 46

Number 4

Article 4

1-1-2022

Imbibition-induced changes in cell membrane on germination and
some physiological parameters in aged cress (Lepidium sativum
L.) seeds
EREN ÖZDEN

Follow this and additional works at: https://journals.tubitak.gov.tr/agriculture
Part of the Agriculture Commons, and the Forest Sciences Commons

Recommended Citation
ÖZDEN, EREN (2022) "Imbibition-induced changes in cell membrane on germination and some
physiological parameters in aged cress (Lepidium sativum L.) seeds," Turkish Journal of Agriculture and
Forestry: Vol. 46: No. 4, Article 4. https://doi.org/10.55730/1300-011X.3017
Available at: https://journals.tubitak.gov.tr/agriculture/vol46/iss4/4

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Agriculture and Forestry by an authorized editor of TÜBİTAK Academic Journals. For
more information, please contact academic.publications@tubitak.gov.tr.

Turkish Journal of Agriculture and Forestry
http://journals.tubitak.gov.tr/agriculture/

Research Article

Turk J Agric For
(2022) 46: 453-465
© TÜBİTAK
doi:10.55730/1300-011X.3017

Imbibition-induced changes in cell membrane on germination and some physiological
parameters in aged cress (Lepidium sativum L.) seeds
Eren ÖZDEN
Department of Horticulture, Faculty of Agriculture, Iğdır University, Iğdır, Türkiye
Received: 03.03.2021

Accepted/Published Online: 19.04.2022

Final Version: 09.08.2022

Abstract: The deterioration of cellular membranes is the natural phenomenon in seeds exposed to aging. Physiological changes, such as
accumulation of reactive oxygen species, mitochondrial dysfunction, and loss of essential metabolites, suppressed antioxidant defense
system, and lipid peroxidation occur during the process of seed aging. In the present study, the physiological changes in aged cress
seeds and seeds imbibed under different temperatures after aging were examined. In this regard, an array of analysis concerned with the
cell membrane leakages and seed viability was performed. For comparison, accelerated aged seed lots with high, intermediate and low
viability were used, in relation to the control (not subjected to short-term imbibitions). Accordingly, while the viability in control varied
between 43% and 86%, the viability rates of the aged seeds ranged from 41% to 90%. Furthermore, imbibition increased the antioxidant
capacity in aged seeds and reduced the lipid peroxidation level, and consequently, reduced the amount of K2+, P3+, Ca2+, Na+ ions,
soluble sugar, total protein and amino acids in the solute leakage. Hence, this method might be considered as simple, fast, cost-efficient,
nondestructive and applicable in many seed lots at the same time.
Key words: Cellular membrane leakage, inorganic efflux, lipid peroxidation, membrane repair mechanism, reactive oxygen species,
seed aging

1. Introduction
Seed aging, a natural phenomenon, is a continuous process
which results in loss of seed viability and ultimately crop
yield is comprised. The decreased seed viability was likely
to be consequences of physiological and biochemical
changes, which were then translated into or manifested
as abnormal growth, delayed germination and seedling
emergence. In particular, aging is defined as the disruption
of macromolecule and membrane structure, and finally
by late programmed cell death (El-Maarouf-Bouteau
et al., 2011). In this regard, any attempt to reveal the
physiological and biochemical responses against aging
process has a great concern in order to reduce or minimize
the possible damages. Furthermore, understanding the
responses to the aging might contribute to our current
practices in increasing the long-term availability of quality
seed in the supply chain.
As specific responses to the aging, overaccumulation
of reactive oxygen species (ROS), mitochondrial damage,
lipid peroxidation, and changes in the antioxidant system
are well-reported (Bailly, 2004; Lee et al., 2010; Li et al.,
2017). As reported in a quite number of studies, ROS are
produced by mitochondria, peroxisomes and chloroplasts

during aerobic cell metabolic processes and participate in
cell death (Penfield and King, 2009; Waypa et al., 2016).
Especially, damage resulting from excessive production of
ROS is likely to be the main cause of aging (Harman, 2006).
It is important to note that ROS attacks to nucleic acids,
lipids, and proteins when the ROS levels are not stabilized
by the relevant defense system of the plant (Mittler,
2017) and the membrane integrity loss by the emerged
physiological lesions through lipid peroxidation, enzyme
inactivation and breakdown, genetic deterioration, and
reduced respiration (Kibinza et al., 2006; Mira et al., 2011).
The determination of cell membrane leakage is one of
the methods that can be used effectively to monitor the
aging and death process in seed lots (Kumar and Mishra,
2014; Demir et al., 2019). The leakage rate of intracellular
substances depends on several factors such as specific
compounds, membrane condition, and the presence or
absence of morphological barriers (Taylor et al., 1993). In
particular, a correlation between seed viability and seed
leakage quantity was revealed, as reported in previous
studies (Min and Hong, 2014; Demir et al., 2019).
Although cell membrane leakage is of great physiological
importance and is directly related to the aging mechanism,
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the mechanisms of cell membrane leakage are not wellunderstood in detail. Generally, the inorganic ions efflux
by the seed into the solute leakage condition indicate a
lower density of viable seed and high cellular component
losses. Imbibition can act as a seed protective barrier to
regulate or prevent leakage (Yu et al., 2015).
Seed imbibition is a critical step related to germination
processes. The imbibition process is accompanied by
various events such as activation of enzyme systems,
initiation of active metabolism and solute leakage,
and helps to repair and restore damaged membrane
structural integrity (Simon and Mills, 1983). Membrane
damage, especially in low- vigour seeds, is higher during
maturation and drying and subsequently cell death may
occur due to rapid water uptake. The increase in electrical
conductivity of seed leachates is likely to be linked to the
increased leakage of these electrolytes (Simon, 1984; Mir
et al., 2021).
Temperature plays a role in many vital activities of
the plant by sending environmental signals to the stages
of the plant’s life cycle, regulating seed dormancy and
germination rate (Allen et al., 2007; Ucan and Ugur, 2021)
and stand establishment (Batlla and Benech-Arnold,
2015; Huo and Bradford, 2015). Although alternating
and constant temperatures have been reported to
exhibit different impacts on plants (Kumar et al., 2013),
alternating temperatures trigger higher germination
rate and physiological balance to increase germination
than constant temperatures (Liu et al., 2013). There are
many studies about imbibition applied in seeds under
alternating temperatures on the increase of viability and
changes in enzymatic and hormonal balance (Ducic et
al., 2003; Goggin et al., 2009; Duclos et al., 2014). In this
study, we aimed to underpin how imbibition at alternating
temperatures affects the leakage rate in aged seeds as well as
its direct effects on seed viability. Furthermore, in this study,
it was aimed to examine and interpret the physiological
changes both directly and in the cell membrane leakage
environment in imbibed and unimbibed seeds after
aging. In addition, the main objective is to compare these
results with seed viability and to find out the possible
solutions. Along with the current study, we hypothesized
that if some cellular functions (such as K+ concentration
and antioxidant capacity) are improved, aging-mediated
damage to cell mebrane can be partially reduced.
2. Materials and methods
Lepidium sativum L. cv. ‘Tere’ (open-pollinated) fruits
were harvested at the mature silica stage in the research
area of Department of Horticulture, Agriculture Faculty,
Iğdır University, Turkey. The fruits were mechanically
sorted and left to dry at room temperature for 1 week
after washing, and seed moisture content were determined
with dry oven method (ISTA, 2017). Initial seed moisture
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content balanced 9%, and stored at 5 °C until use.
Germination tests were performed on 3 replicates of 50
seeds using the ‘between-paper’ method. Seeds were
incubated in the dark for 10 days at 20 °C (ISTA, 2017).
Radicle emergence (radicle length > 2 mm) was evaluated
for 10 days. We used cress seeds in our study, as they can
be separated into different viability groups in a short time
by aging tests and allow the ion efflux to the leakage media
to be easily monitored compared to other species.
2.1 Accelerated aging (AA) test
The relevant test was carried out by adding 40 mL of
distilled water to each plastic aging box (11 × 11 × 4 cm).
Three-gram seeds were placed on a monolayer cheesecloth
placed on a wire mesh tray (10 × 10 × 3 cm) inside the box
(Hampton and TeKrony, 1995). Then, seeds were initially
aged at 100% relative humidity at 41 °C. Following 24 h
after aging period, the seeds were taken with 8 h intervals
from 24 to 144 h in the dark in order to determine the
low, intermediate and high seed viability. The relevant
seeds were left for drying at ambient temperature for three
hours.
2.2 Imbibition
For the imbibition treatments, 2.5 g seeds per group were
soaked in 5 mL double distillated water at soaked 9 × 9
cm petri dishes at 5/15 °C – 1/1h and 5/25 °C – 1/1h and
5 °C constant at three different temperatures for 4 h (Table
1). The seeds were dispersed in the petri dish so that they
were completely submerged from the surface level. After
imbibition, the seeds were surface dried and seed moisture
content balanced 9% (ISTA, 2017). Then the seeds were
taken to suitable media to determine the viability test and
the amount of ion efflux.
2.3 Physiological analysis of aged seeds
In addition to the quantifying the content of
malondialdehyde (MDA) and hydrogen peroxide (H2O2),
the activities of superoxide dismutase (SOD), catalase
(CAT) and ascorbate peroxidase (APX) activities were
determined in control and treated seeds.
2.3.1 Determination of lipid peroxidation
For quantification of MDA content in seeds, the
thiobarbituric acid (TBA) test as an end product of lipid
peroxidation was used (Heath and Packer, 1968). Seeds
(0.5 g) were homogenized in 5 mL of 0.1% (w:v) TCA
solution. The homogenate was centrifuged at 10,000 g for
20 min and 0.5 mL supernatant in 20% TCA was added
to 1 ml 0.5% (w:v) TBA. The mixture was incubated for
30 min in boiling water and the reaction was stopped by
placing in an ice bath. The samples were then centrifuged
for 5 min at 10,000 g, and the supernatant absorbance
was read at 532 nm. Value was subtracted for nonspecific
absorption at 600 nm. The amount of MDA-TBA complex
was calculated from the extinction coefficient of 155 mM–1
cm–1.
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Table 1. Experimental design of the study.
Experimental groups
Fresh, no soaking (Direct)
Fresh seeds imbibed for 4 h at 5 °C (constant)
Fresh seeds imbibed for 4 h at 5/15 °C – 1/1h
Fresh seeds imbibed for 4 h at 5/25 °C – 1/1h
64 h accelerating aging (Direct) (high viability)
64 h accelerating aging, and then seeds imbibed for 4 h at 5 °C (constant)
64 h accelerating aging, and then seeds imbibed for 4 h at 5/15 °C – 1/1 h
64 h accelerating aging, and then seeds imbibed for 4 h at 5/25 °C – 1/1h
88 h accelerating aging (Direct) (Intermediate viability)
88 h accelerating aging, and then seeds imbibed for4 h at 5 °C (constant)
88 h accelerating aging, and then seeds imbibed for 4 h at 5/15 °C – 1/1 h
88 h accelerating aging, and then imbibed for 4 h at 5/25 °C – 1/1h
104 h accelerating aging (Direct) (Low viability)
104 h accelerating aging, and then seeds imbibed for 4 h at 5 °C (constant)
104 h accelerating aging, and then seeds imbibed for 4 h at 5/15 °C – 1/1 h
104 h accelerating aging, and then seeds imbibed for 4 h at 5/25 °C – 1/1h

2.3.2 Determination of H2O2 content
For quantification of H2O2 content, 500 mg seeds were
firstly homogenized in an ice bath with 5 mL of 0.1%
(w:v) TCA. Then, the homogenate was centrifuged for
15 min at 10,000 g. After centrifuge, 0.5 mL supernatant
was mixed with the 0.5 mL 10 mM potassium phosphate
buffer (pH 7.0) including 1 mL 1M KI. After recording
the absorbances at 390 nm, the relevant H2O2 content was
quantified using standard curve (Sergiev et al., 1997).
2.3.3 Antioxidant enzyme activities
Enzyme extraction procedures were carried out at 4 ± 1 °C.
For each treatment, 0.25 g seeds per sample were crushed
in liquid nitrogen in a porcelain bowl. The seeds were
homogenized with 5 mL of a cold solution of 0.1 M Na3PO4
(pH 7.5), 0.5 mM Na-EDTA and 1 mM ascorbic acid. The
homogenized samples were centrifuged at 4 °C for 30 min
at 18,000 g and then incubated at room temperature for 1 h.
CAT activity was immediately determined from a portion
of the homogenate, and the remaining extract was stored
at –20 ºC until APX and SOD analysis was conducted.
SOD, CAT, and APX activity were determined according
to Rahnama and Ebrahimzadeh (2005), Jebara et al. (2005)
and Sairam and Saxena (2000), respectively.
2.4 Physiological analysis of solute leakages
2.4.1 Electrical conductivity (EC) test
Corresponding to EC measurements, 100 seeds for each
replicate of experimental group were weighed and then
soaked in 50 mL of distilled water for 24 h at 20 °C in the
dark. The distilled water was used for soaking was kept
at 20 °C overnight to equalize the temperature. The EC
was measured using a conductivity meter (Schott-Gerate

Acronym
C0
C1
C2
C3
64h0
64h1
64h2
64h3
88h0
88h1
88h2
88h3
104h0
104h1
104h2
104h3

GmbH, Hofheim) and expressed as μS cm–1 g–1. After EC
measurement, the leakages were used for quantifying
ions (K+, P3+, Ca2+, Na+), total protein, total soluble
sugar, aminoacids (proline, phenylalanine, glutamic acid,
glycine). The remaining solute leakage from three different
repetitions were combined, and filtered through crude
filter paper to avoid solid residue and kept at –20 °C until
used in analysis.
2.4.2 Inorganic solute leakages
K, P, Ca and Na ions efflux were measured by ICP-OES
(Perkin Elmer, Optima 2100 DV) after suitable dilutions
with slight modification (Kacar and Inal, 2008). In order to
determine the amount of ions, 2 mL of solute leakages were
taken from the flow water in 3 replications. After adding
some deionized water and 2 mL of HNO3 on the leakages,
the final volume was completed with the help of deionized
water to 50 mL. During reading, the device was set to 25 ±
0.1 °C and the ambient temperature to 25 ± 2 °C.
2.4.3 Total protein content
For total protein content quantification, solute leakage
samples firstly were centrifuged at 10,000 g for 30 min at
4 °C. Following the centrifuge, the supernatant was used
for protein content quantification according to the method
(Bradford, 1976). This method is based on the protein
binding of Coomassie Brilliant Blue G-250. The highest
absorbance value of the formed complex was read at 595
nm.
2.4.4 Soluble sugars estimation
The sugar profiles were determined according to the
method of Xu et al. (2014) with slight modifications.
Briefly, the leakages were firstly centrifuged at 5000 g for
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5 min at 4 °C in order to remove the residues. Following
the centrifuge, the supernatants were filtrated through a
PTFE 0.45-μm syringe filter. Then, they were injected
into the HPLC system (Agilent 1260 infinity series) for
analysis. The detector refractive index (RID) was used and
the column was NH2 (250 × 4.6 mm) 5μm (Inertsil). The
column temperature was set to 30 °C, and a 20-μL injection
volume was used. The flow was isocratic, the flow rate was
1.0 mL min, and the elution time was 20 min. Aceto-nitrile
and distilled water (80:20; v:v) were used as mobile phases.
The results were expressed as mg in g FW.
2.4.5 Amino acids composition
The free amino acid composition was determined with
slight modifications to the method described by Aristoy
and Toldra (1991) using HPLC. Single detector (UV) and
Zorbax Eclipse-AAA (4.6 × 150mm), 3.5 μm (Agilent
PN 963400-902) column HPLC (Agilent 1260 infinity
series) were used to determine the free amino acid
composition of the samples. OPA (ortho-phthalaldehyde)
and FMOC (9-fluorenylmethyl chloroformate) were used
as derivatization reagents for amino acids, and 0.4 N
Borate (pH 10.2) was used as a buffer solution. As mobile
phase in chromatography system; mobile phase A: 40
mM NaH2PO4 (pH 7.8) and mobile phase B: Acetonitrile
(ACN): Methanol (MeOH): Water 45:45:10 v/v/v solutions
were run. The mobile phase flow rate carried out in the
system was set to 2 mL/min and the column temperature
to 40 °C. After nitrogen-vacuum cycles, solute leakage
samples were hydrolyzed, in glass tubes, in the presence

of 300 µL of HCl (6 M) containing 1% (v/v) phenol, for
24 h at 120 °C. The amino acids content was quantified
compared to the amino acid standards and the results were
expressed in g of amino acid per 100 g amino acids. In
the UV detector, the amino acids including glutamic acid,
proline, phenylalanine and glycine were quantified.
2.5 Statistical analysis
The experimental groups were compared using one-way
variance analysis coupled with Duncan’s multiple range
test (p < 0.05) (Minitab 16). Arcsine transformation of
germination rates was done prior to analysis. Principal
component analysis and heatmap clustering were
performed using OriginLab and ClustVis, respectively.
3. Results
The initial viability of the seeds were assayed through
different aging periods, i.e. low, intermediate and high
viability and control group, ranging between 43.00% and
86.00%. As the aging period prolonged, decreases in initial
viability were observed. In relation to the control (C0:
Direct), 64h0 (direct), 88h0 (direct) and 104h0 (direct)
aging decreased the viability of the seeds by 12.79%,
27.91%, and 50.00%, respectively. Then, the aging process
was followed by imbibition for 4 h for all groups. The
germination rates of the seeds ranged between 41.00%
and 90.00% (Table 2). In comparison to the control group,
imbibition after aging treatments, except 104 h treatment,
favored for germination rates.

Table 2. Effects of imbibition at different temperatures on seed viability and antioxidant enzyme activity in aged seeds.
Treatments
C0
C1
C2
C3
64h0
64h1
64h2
64h3
88h0
88h1
88h2
88h3
104h0
104h1
104h2
104h3

Germination (%)
86 ± 1.15 b
88 ± 0.58 ab
88 ± 1.20 ab
90 ± 0.58 a
75 ± 1.15 d
78 ± 0.58 c
82 ± 1.53 b
85 ± 0.58 a
62 ± 1.00 c
69 ± 1.53 b
70 ± 0.58 ab
73 ± 1.15 a
43 ± 1.15 ns
42 ± 0.58 ns
41 ± 1.00 ns
44 ± 1.15 ns

SOD (unite g–1)
8.95 ± 0.16 b
9.13 ± 0.18 b
8.81 ± 0.11 b
11.54 ± 0.43 a
14.15 ± 0.55 c
17.62 ± 0.29 b
17.99 ± 0.31 b
20.28 ± 0.23 a
13.65 ± 0.39 c
14.89 ± 0.31 b
13.77 ± 0.13 c
20.50 ± 0.34 a
18.51 ± 0.30 bc
19.63 ± 0.61 ab
18.17 ± 0.17 c
19.81 ± 0.19 a

CAT (mmol g–1 FW min–1)
0.356 ± 0.007 ns
0.384 ± 0.024 ns
0.341 ± 0.008 ns
0.377 ± 0.005 ns
0.410 ± 0.006 d
0.545 ± 0.010 b
0.499 ± 0.004 c
0.574 ± 0.008 a
0.525 ± 0.010 c
0.551 ± 0.012 bc
0.590 ± 0.006 a
0.578 ± 0.005 ab
0.712 ± 0.010 b
0.779 ± 0.007 a
0.795 ± 0.013 a
0.781 ± 0.005 a

APX (mmol g–1 FW min–1)
2.569 ± 0.05 b
3.465 ± 0.11 a
3.612 ± 0.03 a
3.641 ± 0.08 a
2.897 ± 0.09 c
3.685 ± 0.06 ab
3.532 ± 0.02 b
3.788 ± 0.07 a
3.324 ± 0.01 b
3.697 ± 0.07 a
3.643 ± 0.03 a
3.578 ± 0.02 a
3.082 ± 0.05 ns
3.090 ± 0.05 ns
3.022 ± 0.01 ns
3.125 ± 0.03 ns

Means with different letters in the same column denote significant difference at p < 0.05. The error bars represent ±
SEM. ns: nonsignificant.
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Following 64h and 88h aging, 5/25 °C – 1/1h imbibition
treatments was found to be most effective treatments. The
imbibition increased germination rate by 13.33% after
64h, whilst it increased the relevant rate of germination
by 17.74% after 88h aging. After a 10-day germination
processes, in accordance with the germination rates,
enhanced seedling development was observed with the
imbibition (Figure 1).
Considering the relevant antioxidant enzymes, the
antioxidant enzyme activities increased as the aging period
prolonged. The highest SOD activities were observed at
5/25 °C – 1/1h imbibition conditions for all groups. No
significant changes in CAT activities were observed in
relevant control groups, whilst increased activities of the
enzyme were noted for imbibed seeds. APX activities
increased in control groups whereas no significant
differences in enzyme activities were observed at 104h
group. However, as the similar case of the other enzymes,
APX activities increased at 64h and 88h groups (Table 2).
It was observed that MDA contents increased
proportionally with the aging time in comparison to the
control group. When the MDA contents of the groups
were examined, it was seen that it started to decrease in
the 64h and 88h aging groups, especially in imbibition
applications at alternating temperatures. In the 104h aging
groups, the highest MDA content was determined in the
seeds imbibed at constant temperature (Figure 2A).
With the aging period, H2O2 and MDA content
increased but the imbibition decreased H2O2 content in
control group and 88h aging. In particular, in relation to

the control (C0) and constant temperature, alternating
temperatures after 64h aging significantly affected H2O2
content. There was no significant difference between the
activities at 104h aging conditions (Figure 2B).
The amount of ion leakage increased as the aging
period prolonged. In control, as well 64h and 88h aging,
5/25 °C – 1/1h imbibition significantly decreased the EC
level. Nonsignificant differences were observed at 104h
aging conditions. Of the quantified ions in solute leakages,
K+ increased with the aging period, while imbibition
decreased the continuous K+ efflux. It was determined
that 5/25 °C – 1/1h imbibition was the most effective in
reducing K+ efflux after aging (Table 3).
Considering the amount of P3+ in the solute leakage,
it was observed that imbibition from control to 88h aging
conditions decreases the P3+ efflux but as the case of K+
efflux, imbibition of 5/25 °C – 1/1h after aging reduced the
P3+ efflux. There were no statistically significant differences
between P3+ efflux amounts under 104h aging conditions.
While there was no statistically significant difference in
the amount of Ca2+ efflux under control conditions, it was
determined that the 64h and 88h imbibition after aging
decreased the Ca2+ efflux statistically. Generally, the lowest
Ca2+ efflux in all aging conditions was found at 5/25 °C
– 1/1h imbibition treatment. Also, it was observed that
imbibition after aging significantly decreased the amount
of Na+ efflux (Table 3).
Total protein content in the solute leakage increased as
the aging period prolonged. While there was no statistically
significant difference in the control group, imbibition

Figure 1. Effects of imbibition at different temperatures after aging (64h, 88h and 104h) and Control group on seedling growth
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reduced the total amount of protein efflux into the leakage
medium under all aging conditions. Especially at 64h, it
was seen that 5/25 °C – 1/1h imbibition was effective in
decreasing protein efflux (Figure 3A).
Fructose, glucose and sucrose contents were
determined and the total amount of these three sugars was
calculated as the total sugar. As the aging time increased,
the amount of fructose, glucose and total sugar in the
leakage medium continuously increased (Figures 3B–
3D). Of those sugars, in control conditions, only glucose
amount was statistically significant (Figure 3D).
0.40
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It was determined that the amount of fructose efflux
into the solute leakage medium decreased with imbibition
under 64h and 88h aging conditions, and the highest
fructose efflux was observed at 5/15 °C – 1/1h imbibition
since the seeds lost their viability in 104h aging conditions
(Figure 3C).
Similarly, imbibition reduced the amount of glucose
efflux into the solute leakage under 64h and 88h aging
conditions, while highest glucose efflux was determined
at 5/15 °C – 1/1h imbibition under 104h aging conditions
(Figure 3D). In comparison with control, imbibition

a
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b

c bc

c
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5/15 °C
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Figure 2. Effects of imbibition at different temperatures on MDA (A) and H2O2 (B) content
in aged seeds. Different letters indicate significant differences between treatments in the
same aging period according to Duncan’s multiple range test at p < 0.05. ns: non-significant.
Table 3. Changes in EC and inorganic ions efflux measured in the solute leakage medium.
Treatments
C0
C1
C2
C3
64h0
64h1
64h2
64h3
88h0
88h1
88h2
88h3
104h0
104h1
104h2
104h3

EC (μScm–1g–1)
418.5 ± 4.1 a
365.6 ± 10.3 c
386.3 ± 2.3 b
352.4 ± 2.8 c
469.4 ± 4.1 ab
474.7 ± 4.1 a
463.2 ± 10.8 b
442.5 ± 3.3 c
513.1 ± 7.4 a
492.6 ± 9.0 ab
496.7 ± 7.5 a
471.8 ± 2.5 b
587.5 ± 9.1 ns
580.1 ± 5.7 ns
594.0 ± 3.1 ns
585.8 ± 4.1 ns

K+ (mg L–1)
131.6 ± 1.9 a
89.7 ± 5.1 c
103.8 ± 3.2 b
95.1 ± 1.2 bc
227.0 ± 2.9 a
169.5 ± 2.5 b
163.1 ± 2.7 b
144.4 ± 5.9 c
319.6 ± 2.1 a
302.5 ± 4.6 b
286.2 ± 2.8 c
251.2 ± 4.7 d
418.3 ± 2.0 a
410.2 ± 4.5 ab
399.8 ± 1.6 bc
389.4 ± 7.1 c

P3+ (mg L–1)
39.6 ± 2.3 a
31.2 ± 2.8 b
26.7 ± 0.9 b
25.3 ± 1.8 b
89.5 ± 3.4 a
85.1 ± 2.7 ab
80.1 ± 1.3 bc
75.2 ± 1.2 c
106.6 ± 3.7 a
95.9 ± 2.5 ab
99.7 ± 3.5 a
86.4 ± 3.0 b
121.1 ± 2.8 ns
124.3 ± 3.3 ns
115.9 ± 1.9 ns
118.6 ± 1.6 ns

Ca2+ (mg L–1)
1.2 ± 0.10 ns
1.2 ± 0.06 ns
1.5 ± 0.10 ns
1.2 ± 0.12 ns
5.5 ± 0.12 a
3.9 ± 0.12 b
2.8 ± 0.10 c
1.9 ± 0.10 d
8.6 ± 0.12 a
8.1 ± 0.10 b
6.4 ± 0.06 c
5.3 ± 0.12 d
9.6 ± 0.12 a
9.4 ± 0.06 a
9.4 ± 0.10 a
9.1 ± 0.06 b

Na+ (mg L–1)
0.9 ± 0.06 a
0.7 ± 0.10 ab
0.7 ± 0.06 ab
0.5 ± 0.10 b
2.0 ± 0.06 a
1.4 ± 0.06 b
1.6 ± 0.10 b
1.1 ± 0.06 c
3.2 ± 0.15 a
2.1 ± 0.12 b
1.7 ± 0.10 c
1.8 ± 0.06 bc
4.7 ± 0.06 a
4.4 ± 0.12 b
4.4 ± 0.06 b
4.1 ± 0.06 c

Means with different letters in the same column denote significant difference at p < 0.05. The
error bars represent ± SEM. ns: nonsignificant.
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Figure 3. Changes in total protein (A) and total sugar (B), fructose (C), glucose
(D), sucrose (E) efflux measured in the solute leakage medium. Different letters
indicate significant differences between treatments in the same aging period
according to Duncan’s multiple range test at p < 0.05. ns: non-significant

treatments after 88h and 104h aging conditions did not
affect the amount of sucrose efflux into the medium but
imbibition at alternating temperatures after 64h aging
conditions significantly decreased the amount of sucrose
efflux into the medium (Figure 3E). Especially at 64h and
88h aging conditions where viability rates are high, it
was determined that the total amount of sugar efflux into
the solute leakage medium decreased significantly after
imbibition (Figure 3B).
Regarding the amount of amino acid efflux of imbibition
after aging, it was observed that especially the amount of
proline efflux increased with aging but imbibition after
aging decreased the amount of leakage (Figure 4A). After
aging period, phenylalanine amino acid efflux increased
in comparison with the control but only imbibition after
64h aging significantly decreased the phenylalanine amino
acid efflux (Figure 4B).
Aging did not affect the glutamic acid enough,
which was the most abundant amino acid in the leakage.
Concerning imbibition treatments, only imbibition after
88h aging significantly reduced the efflux and it was
observed that 5/25 °C – 1/1h imbibition decreased the
most amount of glutamic acid efflux (Figure 4C).
Similar to glutamic acid, it was observed that similar
amounts of glycine amino acid efflux were found in aging

conditions compared to control. While it was determined
that imbibition at alternating temperatures under control
conditions increased the amount of leakage, it was
determined that this situation reversed under 88h aging
conditions. There was no statistically significant difference
in 64h and 104h aging conditions (Figure 4D).
Principal component analysis (PCA) and heat map
clustering
Due to high number of variables, we, herein, constructed
relevant heat maps in order to visualize, clarify and then
associate the findings corresponding to the experimental
groups. Clustering of heat map suggested two major
groups. The first cluster included 88h0, 104h2, 104h3,
104h0, and 104h1, being related to increases in MDA, H2O2
(88h1), CAT (except 88h0, 88h1), whilst second major
cluster but with two subgroups included experimental
groups of 88h1, C1, C3, 88h3, 64h2, 64h1, 64h3, C2,
88h2, C, and 64h0. The second cluster was correlated with
increases in activities of APX and germination, in general
but increases in SOD activities in 88h3, 64h2, 64h1, and
64h3, in particular were observed (Figure 5A).
Furthermore, the experimental data and groups were
subjected to PCA analysis. Two principal components
PC1 (69.80%) and PC2 (14.57%) with an eigenvalues of
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greater than 1.0 explained 84.37% of the variability of the
original data. According to the extracted Eigenvectors,
CAT, MDA and H2O2 with coefficients of greater than 0.4
were included in PC1. Furthermore, a reverse correlation
was observed between germination and variables of PC1.
We also constructed heat map and performed PCA for
the metabolites and ions released from leakages (Figure
5B). Heat map clustering suggested two major groups. The
first cluster was clearly based on experimental groups of
104h1, 104h3, 104h0, and 104h2, with substantial lower
values of glycine and glutamic acid. In the second major
groups but with more subgroups, C2, C3, 88h0, C, and
C1 were also clearly discriminated. Herewith subgroups,
remarkable increases in glutamic acid were observed in
88h0, C and C1 while notable increases were found in C2
and C3. Considering all relevant assessments of metabolites
and ions released, clear responses and discriminations
were observed, i.e. 64h0 and 64h2, as well as 64h3, 88h1,
88h2, 64h1, and 88h3.
Three principal components with an eigenvalues of
greater than 1.0, explained 91.43% of the variability of
the original data. Such a high-explained variance ratio
of the components might be helpful in assessment of
variables corresponding to the experimental groups. PC1
with a percentage of 75.25% exhibited significant positive

460

correlations with EC, K+, P3+, Ca2+, proline, and total sugar
but significant and remarkable negative correlations were
observed with glutamic acid. On the other hand, in the
second principal component, PC2, explaining 8.28% of the
total variation, glycine had the highest eigenvector.
4. Discussion
Seed aging often results in reduced viability (Gupta and
Aneja, 2004), delayed germination (Demir et al., 2019),
increased ROS (Demidchik et al., 2014), and increased
cellular metabolite leakage (Min and Hong, 2014).
As expected, the current findings negatively affected
these properties by the aging process in cress seeds. For
example, high MDA and H2O2 content were coupled with
low seed viability corresponding to the prolongation of
aging. Furthermore, the aging triggered higher activities
of antioxidant enzymes. This situation can be explained
by the increase in lipid peroxidation in seed with the
aging (Bailly et al., 1996; Goel and Sheoran, 2003).
The relevant increases are manifested as reduced-seed
viability. Similarly, higher antioxidant status alleviated to
lipid peroxidation in the aged seeds of plants in general
(Bailly, 2004) and in cress seeds, in particular (Demir et
al., 2019). Antioxidant enzymes such as SOD, CAT and
APX well-known for their roles in defense mechanism
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A

B

Figure 5. PCA and heat maps for stress indicators and enzymes (A), metabolite and ions released from leakages (B)
corresponding to the experimental groups in aged cress seeds

(Bailly, 2004; Apel and Hirt, 2004; Qi et al., 2017), which
is consistent with the current findings. Those responses
might be attributed to the aging period and the relevant
temperature of the imbibition. Especially after 64h and
88h aging, imbibition had more effect on seed viability,
and 5/25 °C – 1/1h imbibition treatment was the best
treatment. In addition, it was observed that imbibition at
alternating temperatures after those aging periods lowered
lipid peroxidation and increased antioxidant activity.
Following imbibition, an array of physiological alterations,
especially enzymatic activity, is induced for germination
(Simon, 1984). Corresponding to the induced-responses,
the imbibition process helps the repair and restoration of
the damaged structural integrity through contact between
seed and water in its medium (Simon, 1984; Bewley and
Black, 1986). The amount of water used during imbibition,
imbibition time and plant species are of great importance
(Marler, 2019). Similar to our study findings, Lin et al.
(2019) stated that imbibition decreased in redox potential,

H2O2 content, and MDA content, thus significantly
decreasing the degree of membrane lipid peroxidation,
and also decreasing the amount of EC leakage in Brassica
napus L.
In the study, EC and specific ion amounts in the solute
leakage medium decreased with the imbibition treatments
after control, 64h and 88h aging. No notable changes in
EC and specific ion amounts were observed after 104
h. Increases in the EC of solutes leaking from the seed
during aging might be the indicator of deterioration of cell
membrane structure (Coolbear, 1995), meaning that the
more ion leakage results in high levels of cell membrane
disintegrity. The imbibition after aging decreased K+,
P3+, Ca2+ and Na+ ion effluxes. Of the treatments, 5/25
°C – 1/1h imbibition was the most effective in reducing
the relevant ions. Potassium is the main ion leached from
seeds, followed by P3+, Na+ and Ca2+ ions can be used as a
pointer of cell membrane integrity (Halloin, 1975; Dias et
al., 1996). Min and Hong (2014) reported that in aged and
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unaged radish and Chinese cabbage seeds the K+ efflux
rate is much greater than other minerals, followed by P3+,
Na+, Ca2+ leakage amounts in the seeds. Also, De Souza et
al. (2020) reported that water loss in corn leaves with stress
caused a change in membrane permeability and an increase
in the amount of electrolyte leakage, and an increase in the
activities of antioxidative enzymes. These responses have
been regarded as protective strategies of the plants against
stress. Ion loss in plant tissues can reveal the permeability
level of the cell membrane and may be associated with the
production of ROS, which can damage macromolecules
and cell structures (Demidchik et al., 2014).
Viability of the seeds have been correlated with EC, in
general (Thornton et al., 1990; Demir et al., 2019; Ozden
et al., 2021) and K+ efflux, in particular (Marcos-Filho
et al., 1982). ROS formation has been hypothesized as
the consequence of higher level of K+ leakage in plants
under stress conditions (Demidchik et al., 2014). Plants
exposed to water efflux show higher production of O2and H2O2. These compounds cause high levels of lipid
peroxidation, damage to cell membranes and increased
electrolyte leakage (Pereira et al., 2019). In this study, it
is thought that increased SOD, CAT and APX antioxidant
enzyme activities suppressed free radicals, suggesting
that imbibition can be used effectively at alternating
temperatures in this respect.
Demirkaya and Sivritepe (2011) reported that the total
amount of protein in onion seeds decreased with aging.
The decline in total protein content in seeds results in
increase in solute leakage. The findings of the current study
revealed that imbibition decreased the content of leaked
proteins. In the current report, an increase in the leakage
of relevant sugars were observed with the aging. However,
Rahoui et al. (2010) reported that increased duration of Cd
and H2O2 stress caused an increment in amount of total
sugar, fructose and glucose efflux. Herewith the study,
imbibition led to decline in the amount of total sugar,
fructose and glucose leakages, especially under 64h and
88h aging conditions. The same effect was achieved in
sucrose, a disaccharide, under 64h aging conditions. It is
worth noting that imbibition exhibited similar effects on
the total protein and the total sugar, fructose and glucose
leakage rates in aged seeds.
With the increases in leakage of amino acids, the
decline in germination was reported (Min et al., 2013).
As the case of specific amino acids, proline efflux was
buffered with imbibition but no significant changes were

observed for phenylalanine, glutamic acid and glycine
except imbibition treatments after 88 h. In particular,
proline did not differ under control conditions as the
aging period extended, the amount of efflux increased
with the aging but imbibition decreased the leakage. As of
the most abundant amino acids, proline protects the plants
from various stresses and besides helps plants to recover
faster from stress (Hayat et al., 2012), participating in the
detoxification of free O2- radicals in plants (Matysik et al.,
2002). In accordance with findings of MDA and H2O2
content and antioxidant enzyme activity in the aged seeds,
proline content in leakage decreased. Solutes leakage
from nonviable and deteriorated seeds of different species
include proteins, sugars, free amino acids and phenolics
(Samad and Pearce, 1978; McKersie and Stinson, 1980;
Duke et al., 1983; Min et al., 2013).
Integrity of the cell membrane is considered to be
one of the fundamental physiological events of the seed
degradation process (Matthews and Powell, 2006). As a
result, lower viable or vigor seed lots lose higher density
cellular components such as more inorganic ions from the
cell membrane (Kim et al., 2011). Since seeds begin to lose
their germination ability over time during storage, regular
seed viability tests are mandatory for both seed companies
and seed banks. For this reason, several tests such as AA
test, EC test, determination of the amount of ions efflux are
used. However, there are not enough alternative solutions
(fast, cheap and easy to apply) to preserve viability in seeds
that aged and started to lose their viability for this reason.
The present findings revealed that short-term imbibition
can be easily applied, especially on cress seeds with high
and intermediate viability levels.
5. Conclusion
To the best of our knowledge, the current research is
of the first report regarding physiological changes that
occur along with seed aging and postaging solute leakage
medium, and imbibition. It was clearly observed that
imbibition after aging the seeds changed the efflux rate
of many solutes in leakage. The imbibition increased the
antioxidant capacity in aged seeds and decreased the
lipid peroxidation level, and consequently, the amount
of K+, P3+, Ca2+, Na+ ions, soluble sugar, total protein and
amino acids in the solute leakage medium decreased. For
that reason, the current findings suggest that this method
might be considered as simple, fast, cost-efficient and
nondestructive.

References
Allen PS, Benech-Arnold RL, Batlla D, Bradford KJ (2007). Modeling
of seed dormancy. pp. 72-112 in Bradford, K.J.; Nonogaki, H.
(Eds) Seed development, dormancy and germination. Oxford,
UK, Blackwell Publishing.

462

Apel K, Hirt H (2004). Reactive oxygen species: metabolism, oxidative
stress, and signal transduction. Annual Review of Plant Biology
55: 373-399. doi:10.1146/annurev.arplant.55.031903.141701

ÖZDEN / Turk J Agric For
Aristoy MC, Toldra F (1991). Deproteinization techniques for HPLC
amino acid analysis in fresh pork muscle and dry-cured ham.
Journal of Agricultural and Food Chemistry 39: 1792-1795.
doi:10.1021/jf00010a020
Bailly C, Benamar A, Corbineau F, Côme D (1996). Changes in
malondialdehyde content and in superoxide dismutase, catalase
and glutathione reductase activities in sunflower seeds as
related to deterioration during accelerated ageing. Physiologia
Plantarum 97: 104-110. doi:10.1111/j.1399-3054.1996.
tb00485.x
Bailly C (2004). Active oxygen species and antioxidant in seed biology.
Seed Science Research 14: 93-107.doi:10.1079/SSR2004159
Batlla D, Benech-Arnold RL (2015). A framework for the
interpretation of temperature effects on dormancy and
germination in seed populations showing dormancy. Seed
Science Research 25: 147-158.doi:10.1017/S0960258514000452
Bewley JD, Black M (1986). Seeds: Physiology of Development and
Germination. Plenum Press, London, UK., Pages: 367.
Bradford MM (1976). A rapid and sensitive method for the
quantification of micrograms quantities of protein utilizing the
principle of protein-dye binding. Analytical Biochemistry 72:
248-25. doi: 10.1006/abio.1976.9999
Coolbear P (1995). Mechanisms of seed deterioration. In: A S
Basra (Ed.) Seed quality: Basic mechanisms and agricultural
implications, Food Products Press, New York, pp. 223-277.
De Souza MLC, Da Silva AZS, Machuca LMR, Zuniga EA, Galvao
IM et al. (2020). Biochemical parameters and physiological
changes in maize plants submitted to water deficiency. SN
Applied Science 2, 447. doi:10.1007/s42452-020-2246-x
Demidchik V, Straltsova D, Medvedev SS, Pozhvanov GA, Sokolik
A et al. (2014). Stress-induced electrolyte leakage: the role of
K+- permeable channels and involvement in programmed cell
death and metabolic adjustment. Journal of Experimental
Botany 65 (5): 1259-1270. doi:10.1093/jxb/eru004
Demir I, Kenanoglu BB, Ozden E (2019). Seed Vigour Tests to
Estimate Seedling Emergence in Cress (Lepidium sativum L.)
Seed Lots. Notulae Botanicae Horti Agrobotanici Cluj-Napoca
47 (3): 881-886. doi:10.15835/nbha47311453
Demirkaya M, Sivritepe HÖ (2011). Yaşlanma Esnasında Soğan
Tohumlarında Meydana Gelen Fizyolojik ve Biyokimyasal
Değişimler. Journal o f Agricultural Sciences 17: 105‐112.
doi:10.1501/Tarimbil_0000001162
Dias DCFS, Marcos-Filho J, Carmello QAC (1996). Potassium
leakage test for the evaluation of vigour in soybean seeds. Seed
Science and Technology 25: 7-18.
Ducic T, Liric-Rajlic I, Mitrovic A, Radotic K (2003). Activities of
antioxidant systems during germination of Chenopodium
rubrum seeds. Biologia Plantarum 47 (4): 527-533. doi:10.1023/
B:BIOP.0000041057.11390.58

Duclos DV, Altobello CO, Taylor AG (2014). Investigating seed
dormancy in switchgrass (Panicum virgatum L.): Elucidating
the effect of temperature regimes and plant hormones on
embryo dormancy. Industrial Crops and Products 58: 148-159.
doi:10.1016/j.indcrop.2014.04.011
Duke SH, Kakefuda G, Harvey TM (1983). Differential leakage of
intracellular substances from imbibing soybean seeds. Plant
Physiology 72: 1919-924. doi:10.1104/pp.72.4.919
El-Maarouf-Bouteau H, Mazuy C, Corbineau F, Bailly C (2011).
DNA alteration and programmed cell death during aging of
sunflower seed. Journal of Experimental Botany 62 (14): 50035011. doi:10.1093/jxb/err198
Goel A, Sheoran IS (2003). Lipid peroxidation and peroxidescavenging enzymes in cotton seeds under natural ageing.
Biologia Plantarum 46: 429-434. doi:10.1023/A:1024398724076
Goggin DE, Steadman KJ, Emery RJN, Farrow SC, BenechArnold RL et al. (2009). ABA inhibits germination but
not dormancy release in mature imbibed seeds of Lolium
rigidum Gaud. Journal of Experimental Botany 60 (12): 33873396. doi:10.1093/jxb/erp175
Gupta A, Aneja KR (2004). Seed deterioration in soybean varieties
during storagephysiological attributes. Seed Research 32 (1):
26-32.
Halloin JM (1975). Solute loss from deteriorated cotton seed:
relationship between deterioration, seed moisture, and solute
loss. Crop Science 15: 11-15. doi: 10.2135/cropsci1975.00111
83X001500010004x
Hampton JG, Tekrony DM (1995). Handbook of vigor test
methods. The International Seed Testing Association, Zurich,
Switzerland.
Harman D (2006). Free radical theory of aging: an update: increasing
the functional life span. Annals of the New York Academy of
Sciences 1067: 10-21. doi:10.1196/annals.1354.003
Hayat S, Hayat Q, Alyemeni MN, Wani AS, Pichtel J et al. (2012).
Role of proline under changing environments: a review. Plant
Signaling and Behavior 7 (11): 1456-1466. doi:10.4161/
psb.21949
Heath RL, Packer L (1968). Photoperoxidarion in isolated
chloroplasts. I. Kinetics and stoichiometry of fatty acid
peroxidation, Archives of Biochemistry and Biophysics 125:
189-198. doi:10.1016/0003-9861(68)90654-1
Huo H, Bradford KJ (2015). Molecular and hormonal regulation of
thermoinhibition of seed germination. In JV Anderson, ed,
Advances in Plant Dormancy. Springer, New York, pp 3-33.
ISTA (2017). International Rules for Seed Testing. International Seed
Testing Association, Bassersdorf, Switzerland.
Jebara S, Jebara M, Liman F, Aouani E (2005). Changes in ascorbate
peroxidase, catalase, guaicol peroxidase and superoxide
dismutase activities in common bean (Phaseolus vulgaris)
nodules under salt stress. Journal of Plant Physiology 162: 929936. doi:10.1016/j.jplph.2004.10.005

463

ÖZDEN / Turk J Agric For
Lee YP, Baek KH, Lee HS, Kwak SS, Bang JW et al. (2010). Tobacco
seeds simultaneously over-expressing Cu/Znsuperoxide
dismutase and ascorbate peroxidase display enhanced seed
longevity and germination rates under stress conditions.
Journal of Experimental Botany 61 (9): 2499-2506. doi:10.1093/
jxb/erq085
Li T, Zhang Y, Wang D, Liu Y, Dirk LMA et al. (2017). Regulation of
seed vigor by manipulation of raffinose family oligosaccharides
in maize and Arabidopsis thaliana. Molecular Plant 10: 15401555. doi:10.1016/j.molp.2017.10.014
Lin YX, Xin X, Yin GK, He JJ, Zhou YC et al. (2019). Membrane
phospholipids remodeling upon imbibition in Brassica napus L.
seeds. Biochemical and Biophysical Research Communications
515 (2): 289-295. doi:10.1016/j.bbrc.2019.05.100
Liu K, Baskin JM, Baskin CC, Bu H, Du G et al. (2013). Effect
of diurnal fluctuating versus constant temperatures on
germination of 445 species from the Eastern Tibet Plateau.
PloS ONE 8 (7): 1-10. doi:10.1371/journal.pone.0069364
Kacar B, İnal A (2008). Bitki Analizleri. Nobel Akademik Yayıncılık,
912, Ankara.
Kibinza S, Vinel D, Côme D, Bailly C, Corbineau F (2006). Sunflower
seed deterioration as related to moisture content during ageing,
energy metabolism and active oxygen species scavenging.
Physiologia Plantarum 128: 496-506. doi:10.1111/j.13993054.2006.00771.x
Kim DH, Han SH, Song JH (2011). Evaluation of the inorganic
compound leakage and carbohydrates as indicator of
physiological potential of Ulmus parvifolia seeds. New Forests
41: 3-11. doi: 10.1007/s11056-010-9210-3
Kumar B, Gupta E, Mali H, Singh HP, Akash M (2013). Constant
and Alternating Temperature Effects on Seed Germination
Potential in Artemisia annua L. Journal of Crop Improvement
27: 636-642. doi:10.1080/15427528.2013.832458
Kumar D, Mishra DK (2014). Variability in permeability and
integrity of cell membrane and depletion of food reserves in
neem (Azadirachta indica) seeds from trees of different age
classes. Journal of Forestry Research 25 (1): 147-153. doi:
10.1007/s11676-014-0440-7
Marcos-Filho J, Amorim HV, Silvarolla MB, Pescarin HMC (1982).
Relações entre germinação, vigor e permeabilidade das
membranas celulares durante a maturação de sementes de soja.
In: Seminário Nacional De Pesquisa De Soja, 2., Brasília, 1981.
Anais. Londrina: EMBRAPA/CNPSo, pp: 676-683.
Marler
TE
(2019).
Temperature
and
Imbibition
Influence Serianthes Seed Germination Behavior. Plants
(Basel) 8 (4): 107. doi:10.3390/plants8040107
Matthews S, Powell AA (2006). Electrical conductivity vigour test:
physiological basis and use. Seed Testing International 131: 32.35.
Matysik J, Alia A, Bhalu B, Mohanty P (2002). Molecular mechanisms
of quenching of reactive oxygen species by proline under stress in
plants. Current Science 82 (5): 525-532.

464

McKersie BD, Stinson RH (1980). Effect of dehydration on leakage
and membrane structure in Lotus corniculatus (L.) seeds. Plant
Physiology 66: 316-320.
Min TG, Choi B, Hong BR (2013). Predicting Germination
Probability of Radish (R. sativus L.), Chinese Cabbage (B.
rapa ssp. pekinensis), and Cabbage (B. oleracea var. capitata
L.) Seeds via Amino Acid Leakage Parameters. Horticulture,
Environment, and Biotechnology 54 (5): 388-398. doi:10.1007/
s13580-013-0071-5
Min TG, Hong BR (2014). Leakage of Inorganic Compounds from
Artificially-aged Radish (Raphanus sativus L.) and Chinese
Cabbage (Brassica rapa ssp. pekinensis) Seeds and Use of
Phosphate Leakage from Single Seed as a Tool for Assessing
Viability. Horticulture, Environment, and Biotechnology 55
(5): 397-403. doi:10.1007/s13580-014-0028-3
Mir HR, Yadav S, Yadav S (2021). Hydropriming associated
physiological and biochemical changes responsible for the
enhanced planting value of maize hybrid and its parental line
seeds. Turkish Journal of Agriculture and Forestry 45: 335-348.
doi:10.3906/tar-2006-77
Mira S, Estrelles E, González-Benito ME, Corbineau F (2011).
Biochemical changes induced in seeds of Brassicaceae wild
species during ageing. Acta Physiologiae Plantarum 33: 18031809. doi:10.1007/s11738-011-0719-7
Mittler R (2017). ROS are good. Trends in Plant Science 22: 11-19.
doi:10.1016/j.tplants.2016.08.002
Ozden E, Memis N, Kenanoglu BB, Demir I (2021). Vigour
Assessment of Dill (Anethum graveolens L.) Seed Lots
in Relation to Predicting Seedling Emergence Potential.
Journal of Agricultural Sciences 27 (1): 50-55. doi:10.15832/
ankutbd.577254
Qi J, Wang J, Gong Z, Zhou JM (2017). Apoplastic ROS signaling in
plant immunity. Current Opinionin Plant Biology 38: 92-100.
doi:10.1016/j.pbi.2017.04.022
Pereira YC, Rodrigues WS, Lima EJA, Santos LR, Silva MHL
et al. (2019). Brassinosteroids increase electron transport
and photosynthesis in soybean plants under water deficit.
Photosynthetica 57: 181-191. doi:10.32615/ps.2019.029
Penfield S, King J (2009). Towards a systems biology approach to
understanding seed dormancy and germination. Proceedings
of The Royal Society B 276: 3561-3569. doi:10.1098/
rspb.2009.0592
Rahoui S, Chaoui A, El-Ferjani E (2010). Membrane damage and
solute leakage from germinating pea seed under cadmium
stress. Journal of Hazardous Materials, 178: 1128-1131.
doi:10.1016/j.jhazmat.2010.01.115
Rahnama H, Ebrahimzadeh H (2005). The effect of NaCl on
antioxidant enzyme activities in potato seedlings. Biologia
Plantarum 49: 93-97. doi:10.1007/s10535-005-3097-4
Sairam RK, Saxena DC (2000). Oxidative stress and antioxidants
in wheat genotypes, possible mechanism of water stress
tolerance. Journal of Agronomy and Crop Science 184: 55-61.
doi:10.1046/j.1439-037x.2000.00358.x

ÖZDEN / Turk J Agric For
Samad IMA, Pearce RS (1978). Leaching of ions, organic molecules
and enzymes from seeds of peanut (Arachis hypogeal L.)
imbibing without testas or with intact testas. Journal of
Experimental Botany 29: 1471-1478.

Thornton JM, Powell AA, Matthews S (1990). Investigation of the
relationship between seed leachate conductivity and the
germination of Brassica seed. Annals of Applied Biology 117:
129-135. doi:10.1111/j.1744-7348.1990.tb04201.x

Sergiev I, Alexieva V, Karanov E (1997). Effect of spermine, atrazine
and combination between them on some endogenous
protective systems and stress markers in plants, Comptes
Rendus de L’Academie Bulgare des Sciences 51: 121-124.

Ucan U, Ugur A (2021). Acceleration of growth in tomato seedlings
grown with growth retardant. Turkish Journal of Agriculture
and Forestry 45: 669-679. doi:10.3906/tar-2011-4

Simon EW, Mills LK (1983). Imbibition, Leakage and Membranes.
In: Nozzolillo C., Lea P.J., Loewus F.A. (eds) Mobilization
of Reserves in Germination. Recent Advances in
Phytochemistry, vol 17. Springer, Boston, MA.

Waypa GB, Smith KA, Schumacker PT (2016). O2 sensing,
mitochondria and ROS signaling: the fog is lifting.
Molecular Aspects of Medicine 47-48: 76-89. doi:10.1016/j.
mam.2016.01.002

Simon EW (1984). Early Events in Germination. In: Seed Physiology,
Volume 2: Germination and Reserve Mobilization, Murray,
D.R. (Ed.). Academic Press, New York, USA., ISBN-13: 9780125119023, pp: 77-115.

Xu W, Liang L, Zhu M (2014). Determination of sugars in molasses
by HPLC following solid-phase extraction. International
Journal of Food Properties 18: 547-557. doi:10.1080/1094291
2.2013.837064

Taylor AG, Paine DH, Paine CA (1993). Sinapine Leakage
from Brassica Seeds. Journal of The American Society
for Horticultural Science 118 (4): 546-550. doi:10.21273/
JASHS.118.4.546

Yu X, Li A, Li W (2015). How membranes organize during seed
germination: three patterns of dynamic lipid remodelling
define chilling resistance and affect plastid biogenesis. Plant
Cell & Environment 38: 1391-1403. doi: 10.1111/pce.12494

465

